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A B S T R A C T
Retention and detachment of colloidal particles from surfaces is often considered only in terms of spontaneous
chemical dispersion when the surface is already fully submerged. Nevertheless, interfacial processes, where the
particles are caught on a mobile liquid contact line by capillary eﬀects are ubiquitous. Theoretical description of
such interfacial processes exist for spherical microcolloids, while for anisotropic shapes the literature is limited.
Arc-discharge synthesized multiwalled carbon nanotube (MWNT) material contains besides the very anisotropic
tubes also irregular amorphous carbon particles (ACP) that both are strongly hydrophobic. As a water–air–solid
contact line is swept over a deposition of MWNT material on a hydrophilic substrate, it causes selective de-
tachment of the spherical ACPs over the one dimensional MWNTs. In this work we investigate the detachment
process and the balance between the surface tension force and adhesive forces. Our results show that on hy-
drophilic substrates the surface tension force of the liquid interface dominates over adhesion, sweeping away
most of the material. However, clean MWNTs oriented perpendicular to the contact line are able to resist de-
tachment. On the other hand, on hydrophobic surfaces adhesive forces dominate, possibly via the hydrophobic
interaction. We discuss these results with conventional models of capillarity and adhesion, including the van der
Waals force and the electrostatic double layer interaction. However, a fully satisfactory analysis will require e.g.
computational modelling of the problem.
1. Introduction
The detachment of nano- and microscale particles from solid
surfaces to liquids is an intricate phenomenon when it occurs at the
liquid–air–solid contact line [1,2], a.k.a. the wetting line. In certain
conditions, the passing of the contact line over the solid surface may
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result in signiﬁcant removal of particles by the surface tension of the
liquid interface, i.e. capillary eﬀects, rather than detaching when fully
immersed in the liquid (surface-to-bulk liquid scenario). This phe-
nomenon has been relevant in a few of the applied sciences. Examples
are particle separation in mining industries [3], particle transport and
trapping in environmental sciences [1], and in the cleaning processes of
the microelectronics industry [4–6]. These conventional areas of tech-
nology are being complemented by the emerging ﬁeld of nano-
technology, which brings forward new nanoscale particles whose in-
teraction with capillary forces are an important topic as well [7,8].
The topic is also important as a complex scientiﬁc problem, in which
the capillary forces, primarily inﬂuenced by the wetting of the particles,
compete with particle-substrate adhesive forces. Fundamental studies
of the problem have been few, since progress on the experimental side
has largely been dependent on technical development in experimental
nanoscience. Carbon nanotubes (CNT) oﬀer in principle a magniﬁcent
test bed for experimental studies in this ﬁeld, as they can be inert or
functionalized, long or short, ﬂexible or rigid. A few experimental
works have been reported that involve in some way CNTs interacting
with a liquid contact line [8–10], but in all of these the main goal has
been something else than research on the issue of CNT interaction with
the liquid interface.
In practice, synthesis and processing conditions impose severe limits
on the kinds of experiments that currently are feasible, but future
progress should widen these limits. Arc-discharge synthesized multi-
walled carbon nanotube (MWNT) material has tubes of high quality
[11], but also plenty of synthesis-born carbon debris, which consists of
nano- and microscale amorphous carbon particles (ACP). In previous
work, we have reported on the detachment of MWNTs and debris
particles from spin coated depositions by surface tension forces at the
propagating contact line of water [12]. Very interestingly, the detach-
ment process, illustrated schematically in Fig. 1, was found to be se-
lective between the MWNTs and the debris particles, tending to leave
the former on the surface. This selectivity has been applied for on-chip
puriﬁcation of arc-discharge MWNT material [13], which is demon-
strated in the inset of Fig. 1, that shows on a MWNT deposition an
optical image of the boundary between puriﬁed and untreated regions.
Apart from our work, the detachment of CNTs in general has to our
knowledge only been considered in the surface-to-bulk liquid scenario
[14,15]. The standard description of detachment in that case involves
the DLVO theory of particle adhesion, that combines the ever-present
Fig. 1. Schematic illustration of a water interfacial contact
line moving over a deposition consisting of clean MWNTs and
ACPs (amorphous carbon particles) as well as MWNTs with
ACPs solidly attached. The debris particles are captured by
the surface tension and are suspended at the liquid surface,
while some clean MWNTs are retained on the surface. Inset:
dark-ﬁeld optical micrograph demonstrating the eﬀect on a
MWNT deposition. The lower dark region corresponds to
depopulation of coarse debris particles up to the dark/bright
boundary where the contact line motion halted. The upper
region is untouched and thus has debris particles that eﬀec-
tively scatter light and so appears bright.
Fig. 2. Scheme of the procedure to sweep a water–air–solid interfacial contact line over a
CNT deposit on a Si chip, illustrated in Fig. 1. (a) The ﬂow chamber utilized in the ex-
periments, with the Si chip and its support in the center. The left-hand end has an inlet
that connects to separate reservoirs for immersion and rinsing liquids, while the outlet is
at the right-hand end. (b) The immersion sequence: (1) ﬁlling the chamber with liquid;
(2) the Si chip is immersed vertically; (3) with the chip fully submerged, the chamber is
rinsed; (4) recovery of the sample.
van der Waals and the repulsive electrostatic double layer interactions
[16]. In addition, the hydrophobic interaction can be the dominating
adhesive force in some cases [17]. These adhesive attractive forces
oppose the surface tension of the liquid interface when particles are
aﬀected by a mobile contact line. The retention or detachment of the
clean MWNTs is interesting from a fundamental viewpoint as an in-
dicator of the relative strength of the surface tension force and the
adhesive forces between the nanotube and the substrate. As for appli-
cations of such research, in environmental sciences for example, the
detachment of CNTs by capillary forces in aqueous surroundings will be
a very important issue if and when CNTs will be used on a large scale
[15,18].
In this work, we report on experimental studies of the detachment
behavior of CNTs, and discuss in terms of simple models the forces and
interactions included in the process. We use an experimental procedure,
improved over our previous work [13], with a ﬂow chamber (Fig. 2(a))
that enables us to modify the chemical composition of the immersion
liquid in terms of acidity and ionic strength, and thus to vary the ef-
fective particle adhesion. Moreover, we have extended our previous
studies of arc-discharge MWNTs with double-walled carbon nanotubes
(DWNT) grown via chemical vapour deposition (CVD), a material
which is closer to the type that currently are developed for mass-pro-
duction.
2. Experimental
For the majority of the experiments, we use arc-discharge grown,
commercially produced MWNTs (Sigma–Aldrich). In addition, in a few
experiments CVD-grown DWNTs were used [19]. The DWNTs had been
washed in concentrated HCl following the synthesis in order to remove
the catalytic material without functionalizing the tubes. Both CNT
materials were used by us as-received. The CNT samples were spin
coated from dispersion in 1,2-dichloroethane on thermally oxidized
silicon substrates (“Si chip”), which were carefully pre-cleaned and
treated with oxygen plasma to make them hydrophilic. The Si chips can
also be made hydrophobic [13].
In the previous work [13], the Si chip with the MWNT deposit was
slowly immersed in a test tube with water, which is now replaced with a
ﬂow chamber, illustrated in Fig. 2(a). Aside from pure water, solutions
of KCl and HCl were used, to adjust ionic strength and the pH-value. As
shown in Fig. 2(b), the ﬂow chamber is ﬁrst ﬁlled up with the liquid of
choice, and the sample is then immersed using an automated tri-axial
stage. Once the Si chip is completely submerged, the chamber is rinsed
with clean water from a separate reservoir for several minutes, until the
entire volume of the immersion liquid has been ﬂushed away. Finally,
the chip is recovered, and dried under nitrogen gas. The ﬂow chamber
brings about two beneﬁts: rinsing ensures that the debris detached from
the sample chip to the water surface is not re-deposited during the re-
traction step, and that chemical residues are also prevented from ad-
hering.
In our assay, we tested four samples for each immersion liquid
(water, KCl, and HCl) and three diﬀerent immersion velocities. The
aqueous solutions of KCl and HCl had the concentrations 1 M and
0.01 M (pH = 2) respectively, and the immersion velocities were 1, 0.1
and 0.01 mm/s. The velocity in the sample withdrawal phase was ﬁxed
at 1 mm/s. The extent of detachment of MWNTs and ACPs was eval-
uated using dark-ﬁeld optical microscopy and atomic force microscopy
(AFM), with the latter applied for quantitative analysis. More details of
the sample preparation, experiments and image analysis are available
in the supplement.
3. Results
Fig. 3 shows on a typical sample chip with arc-discharge MWNT
material deposition, AFM images taken of the same location before and
after immersion. The images clearly reveal the eﬀective selective
removal of debris particles – ACPs and ACP-covered MWNTs – over
clean MWNTs, as well as the tendency of the moving contact line to
detach especially those MWNTs oriented parallel to it. The quantitative
analysis of the total number of such images is summarized in Figs. 4 and
5. In Fig. 4 we see that with a slow immersion velocity, a relative re-
duction of close to 90% can be reached among the irregular ACPs, while
the detachment of clean MWNTs is much smaller. There is also a size
dependence in the removal of ACPs, which exist in the size range from
nanometers to microns; the larger the ACP is, the more likely it is re-
moved from the surface. A quantitative analysis of the size dependence
is presented in the Supplement. An analysis of the orientation depen-
dence of the unremoved MWNTs is presented in Fig. 5, which shows the
number of detached MWNTs as a function of their (pre-immersion)
orientation with respect to the liquid contact line. Very evident is the
strong tendency of those tubes to remain that are perpendicular to the
contact line as it sweeps over them.
We recall that all the results in this work apply to hydrophilic sur-
faces. As we have reported previously [13], on hydrophobic surfaces
the mobile water interface has no eﬀect on the MWNT deposition.
To return to Fig. 4, it demonstrates a clear dependence of the de-
tachment on interface velocity for all three liquids (plain ultrapure
water, 1 M KCl solution and pH = 2 0.01 M HCl solution). Comparing
these, it is suggested that the detachment for the acidic HCl solution is
slightly better than for the plain water for velocities above 0.01 mm/s,
and this applies for both ACPs and MWNTs. For the ionic KCl solution,
no clear diﬀerence can be seen despite its strong concentration.
AFM images of the experiments on CVD-grown DWNT material are
shown in Fig. 6. The initial deposition (Fig. 6(a)) diﬀers from the arc-
discharge MWNT deposition (Fig. 3(a)) by having much less of irregular
debris particles. Also, the CVD-DWNTs are longer and more ﬂexible,
and thus have a strong tendency to interconnect even at low dispersion
concentrations. In Fig. 6, some DWNT-bundles can also be seen, most
likely resulting from limited dispersibility of the material. Qualitatively,
comparison of the AFM images shows familiar cleaning behavior: debris
particles and DWNT-bundles are vacated eﬃciently from the deposition
much like from a MWNT sample. While the number of DWNTs that are
detached in the process is clearly pronounced, some individual tubes
are still retained in the post-immersion frame (Fig. 6(b)).
Finally, we note that the ﬂow chamber concept works well, as all the
surfaces are uniform following the immersion treatments in the dif-
ferent liquids. No excessive re-deposition occurred, as was the case in
the previous approach [13]. The key point is to ensure that no debris or
chemical residues exist on the meniscus that adheres on the hydrophilic
surface during the sample retraction, and this is best achieved by suf-
ﬁcient rinsing of the ﬂow chamber with clean water prior to recovery.
4. Discussion
The central experimental results can be summarized as:
• The eﬀect depends radically on the hydrophilicity of the surface
[12,13].
• Clean MWNTs oriented perpendicular to the contact line are less
likely to be removed (Fig. 5).
• The removal eﬃciency is size- and velocity dependent (Fig. 4 and
Supplementary Fig. 3).
• Chemical modiﬁcation (ionic strength, pH) of the water has little
eﬀect on particle detachment (Fig. 4).
On an empirical basis, it is obvious that the surface tension force at
the contact line dominates over adhesion on the hydrophilic surface,
and is responsible of the selective detachment of ACPs over clean
MWNTs. The main focus of our interest is to obtain a rudimentary
understanding of the diﬀerent forces that lead to this selectivity in the
process. Before our analysis in the next section, we state a few general
remarks about this work.
Firstly, as opposed to nearly all works that include processing or
experimentation with CNTs on water or other liquid surface, our arc-
discharge synthesized MWNTs have walls that are reasonably close to
undisturbed graphitic layers, i.e. they should be fully hydrophobic and
have few ionizable defect sites. Typically, experiments with CNTs at
water surfaces have been made on highly defective CVD-grown tubes,
and/or include processing steps that renders the tubes defective [8–10].
Moreover, the CNTs are commonly made soluble via functionalization
of the outer layer, which ensures that those CNTs are very diﬀerent
from ours with respect to surface properties.
Secondly, the 1D and nanoscale character of the MWNTs is clearly a
factor as the immersion process tends to leave on the surface particu-
larly MWNTs that are oriented perpendicularly to the contact line, as
was illustrated in Fig. 1. However, our analysis is dependent on existing
analytical expressions for capillary and surface-particle interactions,
which mostly apply for spherical, macroscopic bodies. In accordance to
the result shown in Fig. 5, it is intuitively rather comprehensible that
the capillary force of the liquid interface has a weaker interaction with
a perpendicularly oriented tube than with one oriented parallel to it.
But for a rigorous analysis, it is easily seen how the complexity of the
problem becomes very tedious and would perhaps require computa-
tional modeling as this particular but obviously important case is con-
sidered. Therefore our analysis in the next section will be mostly qua-
litative.
4.1. Evaluation of detachment forces
As was stated above, we discuss here the forces relevant to our
experiments within the established models developed for spherical
particles. The particle that is overtaken by the advancing contact line is
subject to the surface tension force, that push on the particle, and ad-
hesive forces that resist any movement. We consider as the latter DLVO-
type surface adhesion, characterized as a sum of vdW- and electrostatic
Fig. 3. AFM image frames (17 μm× 17 μm) captured (a) before and (b) after the immersion process on a typical arc-discharge MWNT sample.
Fig. 4. Bar chart summarizing the results of our experiments on detachment of MWNTs
and the ACPs in response to interfaces of plain water, 1 M KCl solution and 0.01 M HCl
solution (pH = 2) with three diﬀerent immersion velocities. The error bars show the
standard deviations among the samples. ANOVA-classiﬁcations are indicated above the
bars for the detachment of ACPs. Numerals refer to the comparison of diﬀerent immer-
sions velocities for a given immersion solution, while letters point to the comparison of
the diﬀerent solutions for a given velocity. It can be seen that diﬀerent immersion ve-
locities give systematically rise to statistically signiﬁcant diﬀerences in particle detach-
ment regardless of the immersion solution, while the diﬀerences between the solutions
are typically not meaningful.
Fig. 5. Bar chart summarizing the results of our experiments on orientation dependence
of detachment of MWNTs in response to interfaces of plain water, 1 M KCl solution and
0.01 M HCl solution (pH = 2) with three diﬀerent immersion velocities.
double layer interactions [16], and the hydrophobic interaction.
4.1.1. The surface tension force
A theoretical treatment of surface tension forces involved in de-
tachment of spherical microcolloids on a surface has been originally
developed by Leenaars & O’Brien [4,5]. If the particle is small, other
forces such as gravity and buoyancy can be ignored.
One starts with a simpliﬁed scenario for the derivation of the surface
tension force maximum for a mobile liquid interface. Fig. 7(a) shows
schematically a spherical particle with radius R at liquid surface that
rises axisymmetrically at gradual pace. The contact angles of the par-
ticle and the substrate are θ and α, respectively. The local depression of
the interface results in a surface tension force onto the particle, that is
oriented vertically due to the symmetry.
As per to [4], the surface tension force Fγ in Fig. 7(a) is
= −F πRγ ϕ θ ϕ2 sin sin( ),γ (1)
where γ is the surface tension, and ϕ a ﬁll angle that determines the
momentary position of the meniscus on the particle. The ﬁll angle ϕ
gets all possible values during the wetting process. The maximum of the
surface tension force can thus be found via diﬀerentiation with respect
to the free parameter ϕ; this yields ϕ= θ/2.
The more relevant case of a laterally advancing interface (imbibi-
tion) is illustrated in Fig. 7(b). The lateral progression of the contact
line brings about an additional boundary condition: the meniscus must
bind to the surface with the contact angle α at the far side of the par-
ticle, which tilts the surface tension force vector Fγ. The detachment of a
particle from the surface is seen to result as the vertical component of
this force overcomes adhesion forces. The maximum value of the ver-
tical component is expressed as [1]:
= ⎛
⎝
⎞
⎠
F πRγ
θ
α2 sin
2
cosγ
2
(2)
Although Eq. (2) was derived for a spherical microcolloid, it helps to
qualitatively explain a number of the observed eﬀects in our process.
Firstly, the capillary force scales linearly with R, while the adhesion
force, to be discussed below, can be assumed to have a weaker de-
pendence on ACP size. Therefore the more eﬃcient removal of larger
ACPs in favor of smaller ones is understandable. On the other hand, a
clean, smooth nanotube will have a much larger contact area/volume
ratio that makes them more resilient to detachment relative to the ir-
regularly shaped ACPs.
A second observation has to do with the hydrophilic/hydrophobic
properties. The force in Eq. (2) is maximized for maximal θ and
minimal α, corresponding to the contact angles to hydrophobic particles
and hydrophilic substrates, respectively. Arc-discharge MWNTs should
be highly hydrophobic, as are the ACPs, and the silica surface in our
experiment is hydrophilically treated. In agreement with our experi-
ments, most of the MWNT material, especially the ACPs are in that case
removed during the immersion process, while in earlier experiments
with hydrophobic surfaces [12,13], there is practically no removal.
Eq. (2) does not include dynamics, while our experiments exhibit a
velocity dependence of the detachment (Fig. 4): as the motion of the
interface slows down, the degree of detachment increases. As we relate
our work to that of others, similar qualitative tendency has been
Fig. 6. AFM image frames (17 μm× 17 μm) captured (a) before and (b) after the immersion process of Fig. 2(b) on a CVD-grown DWNT sample.
Fig. 7. (a) Axisymmetric wetting of a spherical particle at liquid surface. (b) Laterally
propagating meniscus in the case of imbibition (advancing contact line). The blue dashed
line represents the interface at an earlier moment. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
demonstrated in the experiments on homogenous spherical micro-
colloids [1,20,21]. On the scale of individual particles, slower wetting
promotes the formation of a well-deﬁned three-phase contact line re-
sulting in a statistically greater degree of detachment in an ensemble of
particles [20]. In the work by Leenaars & O’Brien, the possibility of a
more direct dependence on the interface velocity due to reactive vis-
cous forces was brought up [5], but more recently it has been argued
that this should not take place for submicron-scale colloids at such
moderate interface velocities [21].
For situations of ﬂow in conventional ﬂuid mechanics, although in
our nanoscale settings not necessarily warranted, the capillary number
is used to obtain rough guidelines for the relative importance of ca-
pillarity and viscosity, and the Reynolds number to predict, for ex-
ample, the onset of turbulence. We estimate with the immersion speeds
that we employ that the capillary number< 10−5 and the Reynolds
numbers< 1. These numbers are that low, that they suggest capillary
forces to dominate over viscosity and that the ﬂow is non-turbulent. We
conclude that the surface tension force of water is able to remove hy-
drophobic carbon particles on hydrophilic surfaces. The main factors
behind the selectivity of the process are the size dependence of the
interaction and the orientation of the tubes.
4.1.2. Adhesion forces
The vertical detachment force by the surface tension is opposed by
adhesion. The omnipresent unretarded van der Waals interaction, has
the following well-known expression for a spherical particle with radius
R,
=F
H
AR
6
,vdW 2 (3)
where A is the composite Hamaker constant of the substrate-medium-
particle system, and H the surface-particle distance [22]. For a tubular
particle, a similar expression can be derived [22]:
=F
L
AD
H16
,ad
1/2
5/2 (4)
for diameter D and length L. Also, several retarded expressions that
limit the attraction at higher separations H have been proposed [23].
We may attempt to compare the Van der Waals adhesion force with
the capillary force for both ACPs and MWNTs based on Eqs. (2)–(4). We
take the particle-liquid contact angle as θ≈ 90° from measurements of
sessile water droplet on graphene [25,26], and the surface-liquid con-
tact angle α≈ 0° for the fully wetting case. This means that the trigo-
nometrical factors in Eq. (2) eﬀectively become unity. The estimates for
adhesive force are subject to some uncertainty with the appropriate
values for the Hamaker constant A and the separation H. However, A is
generally taken as 10−21 for solid bodies interacting in water; here, we
use a value of 2.6 × 10−21 J that has been measured for Buckmin-
sterfullerene on quartz in a liquid environment [24]. For H we use a
typical interatomic spacing ∼0.2 nm.
For small ACPs, a smooth sphere can be a good model, and for that
both the capillary and the van der Waals forces are linear functions of R,
whereby their ratio is independent of it. With the assumptions above,
this ratio becomes:
= ∼
F
F
πγH
A
12
10,
γ
vdW
2
(5)
This numerical estimate thus suggests that the surface tension of a
mobile liquid interface can be suﬃcient to detach all small particles
from the surface.
For the main topic of this work, the nanotubes, similar size-in-
dependent expressions cannot be constructed and we must contend
with, for example, by considering a typical MWNT with diameter
D= 10 nm. We estimate the capillary force in the two extreme cases
when the tube is either perpendicular or parallel to the advancing liquid
interface. In the perpendicular case we may insert R= D/2 into Eq. (2).
For the parallel arrangement, the length of the interface line 2piR can be
thought to approach the length of the tube L, and thus the detachment
force is expected to grow by an approximate factor L/R. The adhesion
force of the tube is given by Eq. (4), which gives FvdW/L∼ 3 ×10
−2 N/
m. For tubes lying perpendicular to the interface, the adhesion becomes
comparable to the detachment force maximum when their length is in
the order of 100 nm; for MWNTs typical on our samples with L∼ 1 μm,
strong retention is then expected. But as the angle between the tube axis
and the liquid interface line becomes smaller, the tendency of the tubes
to detach increases independent of their length L, and for the extreme
parallel case, detachment is expected to dominate, which is in agree-
ment with our experimental results.
For the irregularly-shaped ACPs on our samples, the particle-surface
contact area increases much more slowly with R than is apparent; they
make mechanical contact with the substrate only at diﬀerent local
surface asperities, similarly as when the microscopic origin of friction
between two solid bodies is considered [27]. Moreover, the strong de-
pendence of the van der Waals attraction on particle-substrate separa-
tion [16] has the eﬀect that parts of larger ACPs outside the local sur-
face asperities do not contribute to adhesion. Therefore, in practice the
total adhesion force should grow much more weakly than linearly with
R for the ACPs. This is expected to contribute to the frequent detach-
ment of large particles, which is implied in the size-resolved detach-
ment statistics (Supplementary Fig. 3).
The generalized DLVO adhesion energy is the sum of the van der
Waals adhesion and the electrostatic double layer interaction:
= +W W WDLVO vdw el (6)
Assuming an electrolyte that contains only one kind of ionic species, the
electrostatic double layer interaction energy can be expressed as
[20,28]:
⎜ ⎟ ⎜ ⎟= ⎛
⎝
⎞
⎠
× ⎡
⎣⎢
⎛
⎝
⎞
⎠
⎤
⎦⎥
⎡
⎣⎢
⎛
⎝
⎞
⎠
⎤
⎦⎥
−W π R
ψ ψ
κH64 ϵ
kT
ze
tanh
ze
4kT
tanh
ze
4kT
exp( ),el
2
col sub
(7)(8)
where n is the ion concentration, z the ion valence, ψcol and ψsub the
surface potential of the particle and the substrate (typically taken as
their ζ-potentials), respectively. κ is the inverse Debye–Hückel length.
The other parameters have their usual meanings.
The role of Wel can be probed by either changing the electrolytic
property of the medium or the ionization state of the surface or the
colloid [16]. The eﬀect of the ionic strength of an electrolyte solution
factors directly into Eq. (7): the greater the salt concentration, the
shorter the Debye length κ−1, and weaker the double layer. We would
thus expect a greater degree of particle retention in ionic environments
as the energy barrier separating the primary and secondary minima of
the DLVO adhesion curve grows thin. However, in our experiments, we
see hardly any systematic eﬀect with the 1 M KCl solution, which
should be suﬃcient to fully suppress the barrier [16].
In a previous experiment that dealt with retention and detachment
of carboxylated CNTs in bulk electrolytes, a systematic reduction of
CVD-grown MWNT detachment was also seen in low-pH environment
[14]. The eﬀect was attributed to dissociation of the chemical groups
adhered both on the substrate and the nanotubes. In our case, opposing
behavior is seen: the detachment due to the interface is enhanced in
low-pH environment. However, as we pointed out, our arc-discharge
MWNTs are of high quality, with a relatively low level of defects or
associated molecular groups. Therefore their surface potential is un-
likely to change drastically in environments of diﬀerent pH. On the
other hand, the surface chemistry of the substrate is highly hydrophilic
with hydroxylation of the silica, and therefore some eﬀect upon the
change of pH is expected.
The essential conclusion from these arguments is that Wel is only
weakly contributing to the DLVO adhesion between the MWNT and the
Si surface, and that this is primarily due to the weak degree of
ionization of the arc-discharge MWNT in the aqueous environment. On
a hydrophilic surface the net adhesion is then mainly by the van der
Waals part Wvdw.
4.1.3. The hydrophobic interaction
Next, we shift the attention to the fact that on a hydrophobic surface
the outcome of the experiments is drastically diﬀerent as in practice no
detachment takes place. We can crudely estimate the relative magni-
tudes of hydrophobic and DLVO interactions, in the case of hydro-
phobic surfaces. For the hydrophobic interaction this simple expression
has been proposed [29]:
⎜ ⎟= ⎛
⎝
− ⎞
⎠
W γH
H
D
exp ,h y
H (9)
where Hy is the so called Hydra parameter, and DH is decay length (γ
and H have same meaning as above).Wh has an upper limit determined
by γ [29]. At this limit, with Hy∼ 1, and DH∼ 1 nm, the hydrophobic
interaction energy for a 10 nm fullerene, as an approximation for a
segment of a MWNT, is on the order of 10−18 J, while a calculation of
the van der Waals interaction for the same fullerene gives an interaction
energy on the order of 10−21 J. Therefore, the stark diﬀerence between
the hydrophobic and hydrophilic surfaces can be justiﬁed as a con-
sequence of these estimates.
4.2. Detachment of CVD-grown DWNTs
The experiment on CVD-grown DWNTs showed that similar eﬀects
work for this type of material as well, since the irregular particulates
were successfully removed. However, a lot of the DWNTs detached as
well in the process. Of the remaining individual tubes, most are rela-
tively short, and can usually be identiﬁed in the pre-immersion images
as not overlapping with other tubes.
It is thus suggested that most of the detached DWNTs are part of
interconnected networks, while individual tubes that have a lot of
contact area with the silicon substrate directly have a better chance to
be retained. Given their length and ﬂexible nature, DWNTs are more
likely to form densely connected depositions than MWNTs, and to that
end it is not surprising that they tend to detach collectively, rather than
as individual tubes. However, for thorough understanding of the de-
tachment of DWNTs, additional work needs to be undertaken.
5. Conclusions
In summary, we have presented a reﬁned experimental metho-
dology, with which to study detachment of CNTs (MWNTs and DWNTs)
on a hydrophilic surface, due to the surface tension forces of the wa-
ter–air–solid contact line, and the adhesive forces that resist the de-
tachment. Clear selectivity in detachment is observed, with larger ACP
debris particles eﬃciently detached, while the behavior of MWNTs
depend on their orientation with respect to the water contact line, as
the perpendicular ones mostly remain on the surface. We have based
our understanding of these results on the theory of colloid detachment
[4,5], and on standard theories of particle-surface adhesion. In this
picture, the particle is detached if the vertical maximum component of
the surface tension force exerted by the liquid contact line exceeds its
surface adhesion. We argued that electrostatic double layer adhesive
forces have little eﬀect on the extent of overall particle detachment in
these experiments. On the other hand, adhesion via the hydrophobic
interaction is thought to be the primary explanation for the fact that no
detachment occurs on a hydrophobic surface. The existing theories can
thus give a qualitative explanation of the detachment phenomena, but a
more reﬁned theory is needed to take into account, for example, the
behavior of anisotropic nanoscale particles. We suggest that these
problems could be addressed by computational studies.
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